Fuels and chemicals from biomass using solar thermal energy by Giori, G. et al.
ABSTRACT 
FUELS AND CHEMICALS FROM BIOMASS USING SOLAR THERMAL ENERGY 
C. G i o r i ,  I I T  Research I n s t i t u t e ,  Chicago, I L  
R. L e i t h e i s e r ,  Quaker Oats Co., B a r r i n g t o n ,  I L  
M. Wayman, U n i v e r s i t y  o f  Toronto,  Toronto,  Canada 
I n  t h e  manufac ture  o f  f u e l s  and chemicals f rom biomass, a  s i g n i f i c a n t  
f r a c t i o n  o f  t h e  energy i n p u t  t o  t h e  processes i s  d e r i v e d  e i t h e r  f rom f o s s i l  
f u e l s  o r  from a  p o r t i o n  o f  t h e  biomass feeds tock  i t s e l f .  S ince t h e r e  i s  a  
s t r o n g  m o t i v a t i o n  f o r  t h e  U.S. t o  reduce where p o s s i b l e  t h e  use o f  f o s s i l  
f u e l s  f o r  process energy, and s i n c e  t h e  use o f  biomass s i m p l y  as a  f u e l  i s  
a  subopt imal  use o f  t h i s  feedstock ,  t h e  employment o f  s o l a r  heat  f o r  p ro-  
cess energy r e p r e s e n t s  genuine c o n s e r v a t i o n  o f  t hese  v a l  ua b l  e  resou rces .  
The ciost s i g n i f i c a n t  nearer  te rm o p p o r t u n i t i e s  f o r  t h e  app l  i c a t i o n  o f  s o l a r  
thermal  energy t o  t h e  manufac ture  o f  f u e l s  and chemicals f rom biomass a r e  
summarized i n  t h i s  paper, w i t h  some comments on resou rce  a v a i l a b i l i t y ,  mar- 
k e t  p o t e n t i a l  and ecnnomics. Spec ia l  c o n s i d e r a t i o n  i s  g i v e n  t o  t h e  produc- 
t i o q  o f  f u r f u r a l  f rom a g r i c u l t u r a l  res idues ,  and t h e  f u t u r e  r o l e  o f  f u r f u r a l  
a * i d  i t s d e r i v a t i v e s  as a  replacement f o r  pe t rochemica l s  i n  t h e  p l a s t i c s  i n -  
d u s t r y .  
INTRODUCTION 
A g r i c u l t u r a l  wastes o f f e r  a  l a r g e  source o f  a v a i l a b l e  biomass. The 
Quaker Oats Co. has been a c t i v e  s i n c e  t h e  1920 's  i n  t h e  u t i l i z a t i o n  o f  such 
waste p roduc ts  as a  source o f  t h e  chemical  f u r f ~ r a l .  Cu r ren t  f u r f u r a l  p ro -  
cesses c o n v e r t  o n l y  a  p o r t i o n  o f  t h e  c o l l e c t e d  raw m a t e r i a l  t o  t h e  d e s i r e d  
product  w i t h  r e s u l t a n t  by -p roduc t i on  o f  l a r g e  amaunts o f  r e s i d u e s  which on 
bu rn ing  g i v e  s u f f i c i e n t  energy t o  d r i v e  t h e  process.  The use o f  s o l a r  t h e r -  
mal energy f o r  biomass p rocess ing  would a1 l ow  comple te  u t i l  i z a t i o n  o f  t hese  
r e s i d u e s  f o r  f u r t h e r  conve rs ion  t o  h i g h r r  v a l u e  l i q u i d  f u e l s  and chemica ls .  
S o l a r  energy i s  cons idered t o  be t h e  most v i a b l e  source o f  process 
energy f o r  t o t a l l y  i n t e g r a t e d  biomass p l a n t s  i n  t h e  f u t u r e .  S ince most, if 
n o t  a l l ,  o f  t h e  biomass i s  t o  be conve r ted  t o  f u r f u r a :  and o t h e r  chemical  
d e r i v a t i v e s ,  o r  t o  h i g h  u t i l i t y  v a l u e  convenience f u e l s  f o r  t r a n s p o r t a t i o n ,  
an a l t e r n a t e  source o f  energy i s  needed. S ince  i t  i s  a n t i c i p a t e d  t h a t  t hese  
p l a n t s  w i l l  b e e r e l a t i v e l y  sma l l ,  t o  r i n i m i z c  c o l l e c t i o n  c o s t s  o f  t h e  biomass, 
coa l  does n o t  appear t o  be a  v i a b l e  heat  source  because o f  t r a n ~ ~ ~ u r t a t i o n  
and p o l l u t i o n  c o n t r o l  problems. S o l a r  energy t h e r e f o r e  i s  cons ide red  t o  be 
t h e  most v i a b l e  1  ong-term energy source.  
The s tudy  presented i n  t h i s  paper i., 13~rt  o f  s propcrsxi p r o j e c t  aimed a t  
de te rm in ing  t h e  f e a s i  b i l  i t y  and 0 p t i . w . 1  des ign  o f  an i n t e g r a t e d  process f o r  
t h e  p r o d u c t i o n  o f  f u e l s  and chemica ls  u t i l i z i n g  a g r i c u l t u r a l  r e s i d u e s .  An 
i m p o r t a n t  f e a t u r e  o f  f u e l s  and chemica ls  based on f u r f u r a l  and i t s  co-pro-  
d u c t s  i s  t h a t  t h e  feedstocks  a r e  a g r i c u l t u r a l  wastes and, as a  r e s u l t ,  do 
n o t  compete w i t h  t h e  food supp ly .  The proposed s tudy ,  t o  be conducted by 
I I T  Research I n s t i t u t e  w i t h  t h e  c o o p e r a t i o n  o f  t h e  Quaker Oats Co. and t h e  
c o n s u l t a t i o n  o f  P r o f .  M. Wayman o f  t h e  U n i v e r s i t y  o f  Toronto,  w i l l  i n d i c a t e  
t h e  bes t  approaches f o r  max imiz ing  t h e  energy y i e l d  o f  t h e  biomass w i t h  t h e  
https://ntrs.nasa.gov/search.jsp?R=19810022013 2020-03-21T09:44:59+00:00Z
use o f  concentrated s o l a r  heat as t h e  pr imary source o f  process energy. The 
p o t e n t i a l  o f  f u r f u r a l  and i t s  d e r i v a t i v e s  as "renewable resource" chemicals 
t o  rep lace  petrochemicals i n  t he  p roduc t ion  o f  p l a s t i c s  and elastomers i s  a l so  
considered. 
SOLAR POWERED BIOMASS CONVERSION PROCESS 
Biomass, regard less o f  source, cons i s t s  p r imar ' l y  o f  t h r e e  p r i n c i p a l  
ingred ients ,  namely, hemicel lu lose, c e l l u l o s e  and l i g n i n .  A g r i c u l t u r a l  
res idues such as corncobs, sugar bagasse and oa t  h u l l s ,  as w e l l  as hardwoods, 
9 i v e  h m i c e l  l u l oses  which con ta i n  r e l a t i v e l y  l a r g e  amounts o f  pentosans C-5 sugars) which can be cleaved and dehydrated t o  g i v e  f u r f u r a l ,  a pseudo- 
aromat ic chemical which has t he  p o t e n t i a l  o f  reeplacing petroleum der i ved  
benzenoid chemical s and res ins .  Softwood hemice l l  uloses, by con t ras t ,  con- 
s i s t  e s s e n t i a l l y  o f  hexosans (C-6 sugars) which do no t  y i e l d  f u r f u r a l ,  bu t  I 
whlch can be fermented t o  a lcohol ,  usuable as a l i q u i d  f u e l .  These hemi- 
c e l  l u l oses  a r e  r a t h e r  e a s i l y  hydrolyzed t o  a m i x tu re  o f  fermentable sugars 
w c h  as glucose and mannose. Cel lu lose,  by con t ras t ,  cons i s t s  o f  essen t i a l -  
l y  6 carbon glucose u n i t s  l i n k e d  toge ther  by f3 l i nkages  which permi t  t h e  
molecules t o  o r i e n t  t o  g i v e  h i g h l y  c r y s t a l l i n e  s t r uc tu res  which a re  q u i t e  r e -  
s i s t a n t  t o  hyd ro l ys i s  t o  s imple sugars. 
L i g n i n  cons is ts  p r i m a r i l y  o f  propenylphenol mo ie t ies  l i n k e d  by a number 
o f  d i f f e r e n t  bonds, i nc l ud ing  e ther  1 inkages and carbon-carbon bonds. The 
l i g n i n  i s  c l o s e l y  associated w i t h  t he  c e l l u l o s e  por t ion ,  poss ib l y  w i t h  C i -  
r e c t  chemical bonds, so much so t h a t  some researchers i n  t h e  f i e l d  regard 
l i g n i n  as a "q lue"  t h a t  holds t he  c e l l u l o s e  s t r u c t u r e  together .  Once i s o l a t e d  
by mechanical/chemical means, l i g n i n  i s  so l ub le  i n  a l k a l i n e  so l u t i ons  v i a  
s a l t  format ion w i t h  the  phenol ic hydroxy ls .  
Cu r ren t l y  two i n d u s t r i e s  process l a r g e  q u a n t i t i e s  o f  biomass f o r  non- 
food uses: The f o r e s t  products i n d u s t r y  pulps wood t o  separate t h e  c e l l u l o s e  
from the  hemice l lu lose and l i g n i n  f r a c t i o n s ,  p r i m a r i l y  f o r  use i n  making 
paper, bu t  a1 so f o r  chemical conversion t o  rayon f i b e r s ,  c e i  lophane f i l m ,  
and ace ta te  p l a s t i c s .  The Quaker Oats Company processes a g r i c u l t u r a l  res idues 
so as t o  conver t  the pentosan hemice l lu lose f r a c t i o n  i n t o  f u r f u r a l .  These 
i n d u s t r i e s  use d i f f e r e n t  f r a c t i o n s  o f  t h e  c o l  1 ected biomass and conver t  o n l y  
a p o r t i o n  o f  the  huge amount o f  biomass they process i n t o  use fu l  products.  
From 50 t o  90% o f  t he  t o t a l  biomass c o l l e c t e d  i s  burned as f u e l .  The cha l -  
lenge o f  a s o l a r  powered biomass conversion process i s  t o  maximize t he  energy 
y i e l d  o f  t he  biomass by complete u t i l i z a t i o n  w i t h  the  use o f  concentrated 
so la r  heat as t he  pr imary source o f  process energy f o r  t he  p roduc t ion  o f  
chemicals and 1 i q u i d  f ue l s .  
An i n t eg ra ted  biomass conversion process would separate t h e  components i n  
an undegraded s t a t e  so t h a t  subsequent p r o c e s s i ~ g  would r e s u l t  i n  l i q u i d  f u e l s  
and chemical products o f  greater  value. Unava i lab i l  i t y  o f  by-products as 
f ue l ,  however, would r e q u i r e  s u b s t i t u t i o n  o f  energy from another source. Solar -  
thermal energy can prov ide t he  steam needed f o r  biomass processing and energy 
f o r  product d i s t i l l a t i o n  and p u r i f i c a t i o n .  
The c r i t i c a l  aspect o f  such a biomass conversion process i s  t h e  separa- 
t i o n  o f  bionass i n t o  hemicel lu lose, c e l l u l o s e  and l i g n i n  under cond i t i ons  
which do no t  degrade these f r a c t i o n s  du r i ng  separat ion.  An e f f e c t i v e  pre- 
t reatment i s  "autohydro lys is"  ( r e f .  1). which cons is ts  o f  steaming t h e  
.- ' I ,  
biomass a t  about 230°C f o r  approximately 20 minutes. Th is  breaks up t h e  c r y -  
s t a l l i n i t y  o f  t he  ce l l u l ose ,  renders t h e  hemice l lu lose so lub le  i n  ho t  water, 
and p a r t i a l l y  depolymerizes t he  l i g n i n  which becomes so lub le  i n  d i l u t e  so- 
dium hydroxide s o l u t i o n  from which i t  can be separated by a c i d i f i c a t i o n .  
The c e l l u l o s e  f reed  from hemice l lu lose and l i g n i n  i s  separated i n  a p a r t i a l -  
l y  d e c r y s t a l l  i zed  form s u i t a b l e  fo r  hyd ro l ys i s .  The hemicel l u l o s e  f i l t r a t e  
would be d i v e r t e d  t o  an e x i s t i n g  Quaker Oats p lan t ,  t h e  l i g n i n  would be sent  
t o  a conversion u n i t  f o r  t he  product ion o f  use fu l  chemical in termediates,  and 
t he  c e l l u l o s e  would go t o  a sacchar i f icat ion/ fermentat ion p l a n t  f o r  conversion 
t o  a lcohol  f u e l .  A t e n t a t i v e  process f lowsheet i s  shown i n  f i g .  1. 
For continuous opera t ion  du r i ng  c loudy o r  non-day1 i g h t  hours, i n  t h e  
absence o f  a thermal s torage system, some o f  t h e  r es i dua l  1 i g n i r  which has 
a h igh heat o f  combustion (-11,00OBTU/l b ) ,  cou ld  be e f f e c t i v e l y  u t i l i z e d  
as supplemental f u e l  f o r  hyb r i d  operat ion.  
BIOMASS RESOURCE AVAILABILITY 
A g r i c u l t u ~ a l  c rop  res idues i n  t h e  US amount t o  about 1 b i l l  i o n  tons 
annual ly.  While a p o r t i m  o f  t h i s  i s  re-used i n  a g r i c u l t u r e  i t s e l f ,  t h e  po- 
t e n t i a l  i s  the re  t o  produce 5 1 0 %  o f  t h e  n a t i o n ' s  energy needs from these 
wastes. Thus, biomass now e x i s t i n g  can p rov ide  s u b s t i n t i z l  amounts o f  feed- 
stocks t o  processes such as the  one descr ibed here. 
Corncobs a re  the  p re fe r red  ma te r i a l  because o f  optimun, f u r f u r a l  produc- 
t i o n  and r e l a t i v e  ease o f  g r i nd i ng  and processing. However, widespread use 
o f  combines t o  harvest corn has d r a s t i c a l l y  reduced t he  a v a i l a b i l i t y  o f  
cobs. A poss ib le  f u t u r e  raw ma te r i a l  would be t he  "corn s tover"  which e x i t s  
from the combine when corn i s  harvested. A1 t e rna te  feedstocks m igh t  be sugar 
bagasse o r  aspen ch ips.  For t he  longer  term, processing o f  guayu!e bagasse 
a f t e r  e x t r a c t i o n  t o  remove rubber-1 i ke hydrocarbons w i l l  be considered. 
Guayule has been proposed as a v i a b l e  source o f  "rubber l a t e x "  which can be 
grown on c u r r e n t l y  nonproduct ive a r i d  reg ions i n  t he  southwestern U.S. Since 
these a re  arcas o f  h i gh  i n s o l a t i o n ,  a p p l i c a t i o n  o f  s o l a r  thermal energy t o  
t he  p rocess i r~g  o f  guayule may be p a r t i c u l a r l y  advantageous. The f i b e r s  ex- 
t r a c t e d  from guayule bagasse con ta in  r e l a t i v e l y  h i gh  l e v e l s  o f  pentosans 
which could  be converted t o  f u r f u r a l  . Subsequent removal e f  l i g n i n  would 
y i e l d  f i b e r s  s u i t a b l e  f o r  paper (based on USDA s tud ies )  o r  f o r  s a c c h a r i f i -  
c a t i o n  and fermentat ion t o  a lcoho l .  
ALTERNATIVE FUELS AND CHEMICALS 
I n  a d d i t i o n  t o  developing a1 t e r n a t i v e  f ue l  sources, a1 t e r n a t i v e  chemi- 
c a l  process feedstocks must be developed i f  dependence on petroleum i m -  
po r t s  from OPEC na t ions  i s  t o  be e l  iminated. Fu r f u ra l  i s  a ve ry  v e r s a t i l e  
chemical which can be u t i l i z e d  i n  a v a r i e t y  o f  s yn the t i c  organic  processes. 
Fu r f u ra l  i s  used as i s  as a s e l e c t i v e  so lven t  f o r  r e f i n i n g  motor l ube  o i l ,  
bu t  i s  used more ex tens i ve l y  as a feedstock f o r  producing o the r  chemicals 
such as f u r f u r y l  a lcohol ,  t e t r a h y d r o f u r f u r y l  a lcohol  , furan, te t rahydrofuran,  
and po lybuty lene g l y c o l  e thers .  U n t i l  f a i r l y  r ecen t l y ,  THF v i a  f u r f u r a l  was 
t he  feedstock f o r  du Pont 's Nylon 6/6. Cur ren t l y  t h e  l a r g e s t  market f o r  che- 
m ica ls  based on f u r f u r a l  i s  for  f u r f u r y l  a l coho l  which on condensation g ives 














































































































































































The furan r i n g  i s  pseudo-aromatic and undergoes many o f  the react ions 
o f  a n a l o g ~ ~ s  aromatic compunds. Fur fura l  and der iva t ives  therefrom o f -  
f e r  great po ten t i a l  f o r  replacement o f  bentenold chemicals such as styrene 
and phenol widely used I n  polystyrene and ABS p las t i cs ,  I n  SBR elastomers, 
i n  phenolic molding compounds and plywood adhesives, and i n  polyester  lami- 
nates. The pseudo-aromatic furan r i n g  contr ibutes many o f  the  physical and 
chemical proper t ies r e s u l t i n g  from the aromatic benzene r i n g  i n  petroleum 
based der ivat ives.  Fur fu ry l  alcohol resin; could be used t o  replace pheno- 
l i c  res ins  as binders f o r  par t ic leboard and glue f o r  plywood. k i t h  the  
pr!ce o f  phenol r a p i d l y  increasing and c o n t i r t ~ e d  supply o f  phenol uncertain, 
the fo res t  product indus t ry  c w r e n t i y  i s  secking a "renewable resource" ad- 
hesive t o  replace phenolics. Pre l iminary laboratory studies i n d i c a t t  t h a t  a 
furan r e s i n  can indeed be r e a d i l y  subs t i tu ted  f o r  cu r ren t l y  used phenolic 
adhesives. I n  order t o  supply t h i s  market, however, current  production ca- 
pac i t y  o f  f u r f u r a l / f u r f u r y l  alcohol,  which i s  cu r ren t l y  -200 m i l l  i o n  1 bs/yr, 
would need t o  be expanded by a fac to r  o f  a t  l e a s t  10. b o t h e r  po ten t i a l  
l a rge  volume market f o r  f u r f u r a l  i s  the production o( v iny l fu ran  as replace- 
i s  vinylbe:izene, i s  a v i t a l  chemical i n t e r -  
i nsu la t i ng  foams, elastomers and polyester 
ment f o r  styrene. Styrene, which 
mediate for  polystyrene p last ics,  
res ins f o r  f iberg lass  laminates. 
Thus, f u r f u r a l  appears t o  be a v f3b l  e "renewable resource" a1 te rna te  
f o r  the industry.  Potent ia l  l a rge  volume markets e x i s t  f o r  the re -  
p lacment  o f  o i l - de r i ved  aromatic chemicals. This increased volume o f  f u r -  
f u r a l  could on ly  be produced economically by development altd construct ion o f  
p lants designed f o r  the t o t a l  u t i l f z a t i o n  o f  biomass. It would appear t h a t  
the ecor;omics and fu tu re  out look f o r  such p lants depend upon the a v a i l a b i l  i t y  
o f  a source o f  energy no t  i nvo l v ing  e i t h e r  f o s s i l  fue l  o r  the combustion o f  
thc biomass i t s e l f .  Solar ' !?a t  has a c o n t r i b ~ t i o n  t o  make by prov id ing the 
source o f  energy requi rca i o r  biomass conversion. 
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